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Centrifugal separation equipment, such as solid bowl centrifuges, is used to carry out an eﬀective separation of fine particles from
industrial fluids. Knowledge of the streams and sedimentation behavior inside solid bowl centrifuges is necessary to determine the
geometry and the process parameters that lead to an optimal performance. Regarding a given industrial centrifuge geometry, a
grid was built to calculate numerically the multiphase flow of water, air, and particles with a computational fluid dynamics (CFD)
software. The eﬀect of internal radial baﬄes on the multiphase flow was investigated. The results show that the baﬄes are helpful
for the acceleration of the fluid, but they disturb the axial boundary layer, making it irregular, and originate a secondary circulating
flow which hinders the sedimentation of small particles.
1. Introduction
Solid-liquid separation is an important operation, especially
in industrial postprocessing. Centrifuges can be used to sep-
arate fine solid particles from industrial fluids to increment
its service life. Some examples are the cleaning of coolant
lubricants in metal, glass, and ceramics processing as well
as the maintenance of chemical surface treatment baths.
Among other centrifugal devices as decanters and disk stack
separators, which are more complex, solid bowl centrifuges
can be used to reach the mandatory clarifying purity.
Generally, there are two diﬀerent models to describe the
flow field established in a solid bowl centrifuge when inflow
and outflow are both present [1]. The plug flow model
proposes a constant uniform axial velocity across the annular
pool from the surface to the bowl wall. On the contrary,
the boundary layer model suggests a thin boundary layer
moving with high axial velocity towards the weir located
at the interface between the liquid and the air core. This
flow pattern in a rotating bowl is known especially for fluid
flows with a free surface open to the atmosphere and it has
been analyzed in tubular centrifuges by Bass [2] and Go¨sele
[3] and in overflow centrifuges by Glinka [4] and Reuter
[5]. But the complex flow field and sedimentation process
of industrial solid bowl centrifuges have not been amenable
to rigorous mathematical analysis. Particularly, the eﬀect of
internals such as radial baﬄe plates, deflectors that divide
the centrifuge in radial chambers, has not been investigated
yet. These internal radial baﬄes are used often in this type of
centrifuges [6].
Figure 1 represents the centrifuge object of this research,
a semicontinuous solid bowl centrifuge with an automat-
ically sludge discharge system. The liquid with impurities
enters the centrifuge and reaches the feed accelerator. Then,
it leaves the accelerator and impinges on the rotating liquid
pool, where the sedimentation occurs. The particles settle
on the bowl wall, while the clear liquid leaves through the
boreholes at the top of the bowl. After flowing through these
boreholes, the clear liquid is collected in an annular chamber,
where a skimming pipe drives it out of the machine. During
the centrifugation the baﬄes rotate with the same angular
velocity as the bowl in order to accelerate the liquid. Once
the maximum solid load at the wall is reached, the bowl
slows down, and when the centrifuge stops, the baﬄes move
separately to facilitate the sludge discharge thanks to the
scrapers attached at the edge of the baﬄes.
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An innovative way to obtain information about the
flow inside these devices is to calculate the multiphase
flow numerically using computational fluid dynamics (CFD)
software. Simulations of the flow in some industrial process
equipment have been developed using CFD and even some
researchers [7–9] have recently attempted to simulate the
flow in centrifuges.
2. Model Description
2.1. Mathematical Formulation of the Fluid. Computational
Fluid Dynamics (CFD) solves the governing fluid flow
equations and continuity and momentum conservation
equations, by means of numerical methods. These partial
diﬀerential equations are calculated using the finite volume
method [10].
The Volume of Fluid (VOF) method developed by Hirt
and Nichols [11] is designed to track the interface of two
phases that are not interpenetrating and hence adequate to
simulate the gas-liquid multiphase flow in industrial devices
[8, 12–14]. The presence of solid particles was ignored for
flow simulation purposes, which is an acceptable assumption
for low solid concentration. A continuity conservation
equation (1) is solved for each phase q, and the volume
fraction αq of each phase in any cell has to obey (2),
∂
∂t
(
αqρq
)
+∇ ·
(
αqρq
−→v q
)
= 0, (1)
n∑
q=1
αq = 1. (2)
As the flow inside the bowl is nonlaminar, the Reynolds
Averaged Navier-Stokes equation (3) was chosen to solve the
velocity field. With the VOF method a single momentum
equation is solved throughout the domain, and the resulting
velocity field is shared among the phases. The dependency
on the volume fraction is implemented by using volume
averaged values for the density ρ and the viscosity μ in (3).
∂
∂t
(
ρ−→v ) + ρ(−→v · ∇)−→v = −∇p +∇ · τ +∇ · τt +−→F . (3)
In (1) and (3), v represents the velocity, p the pressure, τ
the shear stress tensor, τt the tensor of turbulences and F
an external volumetric force. All terms are discretized and
calculated for each volume cell with the exception of τt , the
tensor of turbulences, which is modeled via a k-ε model.
The k-ε model developed by Launder and Spalding
[15] is a semiempirical model that requires two additional
transport equations to model the turbulences, one for the
turbulent kinetic energy k, and another one for its rate of
dissipation ε. The advantage of this approach is the relatively
low computational eﬀort. Its limitation is the assumption
that the turbulences are isotropic, which is not strictly true.
The k-ε renormalization group model (k-ε RNG) of Yakhot
and Orszag [16] is an extension of the standard k-ε model
that takes into account the eﬀect of swirl on turbulence,
enhancing a higher accuracy for swirling flows. This model
is more reliable for a wider class of flows than the standard
k-ε model.
2.2. Mathematical Formulation of the Particles. Once the
flow has reached a quasisteady state, which means that the
interface between gas and liquid is stable and the outflow
coincides the inflow, particle trajectories can be calculated
with a discrete phase model (DPM). In this model, spherical
particles are considered as discrete phase dispersed in the
continuous phase in a Lagrangian frame of reference. The
use of this approach, adequate for low loaded flows (<10 vol.
%), is justified because of the low concentration of particles
in the feed in the industrial applications, between 0.4 and
2.0 vol. %. The Discrete Phase Model computes the current
positions of particles integrating the force balance acting on
them (4). This equation takes the discrete phase inertia into
account, the hydrodynamic drag, the force of gravity,and the
rotational forces
d−→v p
dt
= FD
(−→v −−→v p
)
+
−→g
(
ρp − ρ
)
ρp
+
−→
Fr . (4)
In (4), v, vp, ρ, and ρp stand for the fluid velocity, particle
velocity, fluid density, and particle density, respectively. The
first term on the right side of (4) constitutes the drag force
per unit particle mass and the coeﬃcient FD is calculated
with (5) as a function of the particle Reynolds number (Rep),
particle diameter (dp), density (ρp); and fluid viscosity (μ).
In order to calculate the drag coeﬃcient CD the approach
for spherical particles described by Morsi and Alexander [17]
was chosen
FD = 18μ
ρpd
2
p
CDRep
24
. (5)
As the centrifuge rotates with an angular velocity ω about
the Z-axis, the forces on the particles in X and Y direction
are given by (6) and (7). The rotational forces Fr include the
centrifugal force (first term) and the Coriolis force (second
term), which arises in the moving reference frame. The
rotational forces are a function of the x and y velocities of
the fluid, vx and vy , and of the particles vx,pand vy,p
Fx =
(
1− ρ
ρp
)
	2x + 2	
(
vy,p − ρ
ρp
vy
)
, (6)
Fy =
(
1− ρ
ρp
)
	2y + 2	
(
vx,p − ρ
ρp
vx
)
. (7)
The impact of the discrete phase on the continuum phase
can also be considered using a two-way-coupling approach.
In this approach, simulations of the discrete phase and the
continuum phase have to be alternated and a momentum
transfer term is included in (3).
The dispersion of particles due to the turbulent eddies
in the continuous phase can be predicted using a stochastic
tracking model like the random walk model (RWM). This
model includes the eﬀect of turbulent velocity fluctuations
on the particle trajectories through the use of stochastic
methods. The particles interact with a succession of turbu-
lent eddies characterized by a random velocity fluctuation
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Figure 1: Centrifuge A-25 from the company “Separatoren-Technik
und Anlagenbau GmbH”.
vx′, vy ′, vz′ and a time scale τe. The velocity fluctuations are
proportional to a normally distributed random number ζ
v′x = ζ
√
v′x
2. (8)
Since the turbulent kinetic energy k is known for each cell in
the fluid, the velocity fluctuation can be defined for the k-ε
model as in
√
v′x
2 =
√
v′y
2 =
√
v′z
2 =
√
2K
3
. (9)
The characteristic lifetime of the eddy τe is defined as a
constant given by (10) for the k-ε model
τe = 0.30k
ε
. (10)
3. Simulation Methodology
3.1. Geometry and Mesh. Based on the real geometry of an
industrial solid bowl centrifuge (see Figure 1), two diﬀerent
three dimensional geometries, representing one fourth of the
bowl, were built and meshed (see Figure 2). Because of the
periodically repeating nature of the system only one fourth
of the centrifuge has been simulated. The geometry on the
left avoids the baﬄes and it has a simplified geometry at the
accelerator. On this geometry, an unstructured mesh with
about 200000 tetrahedral cells was created. The geometry on
the right takes the exact geometry at the inlet accelerator
and the radial baﬄes dividing the centrifuge in radial
compartments into account. The centrifuge has eight baﬄes
attached to the shaft and disposed regularly in the circumfer-
ential direction. The baﬄes are located approximately three
centimeters above the inlet accelerator and three centimeters
away from the bowl wall. This geometry was meshed with
about 780000 tetrahedral cells and refined at the bowl wall
and at the radial walls to capture high velocity gradients. To
check the results independency on the grid, the simulation
was run also using another grid with approximately 20%
more cells. The obtained results did not change qualitatively
and the small quantitative deviations arise from the diﬀerent
reporting times of the quasi-steady state and not from the
grid refinement.
3.2. Boundary Conditions. The liquid enters the centrifuge
through the inlet with a given velocity flowing then into
an accelerator, which consists of two rotating plates. Side
and top walls of the bowl, defined with no-slip condition,
rotate with the same angular velocity as the plates. The
baﬄes rotate with this angular velocity to accelerate the fluid.
The fluid leaves the centrifuge through boreholes (outlet
in Figure 2); there atmospheric pressure was imposed as
boundary condition. For the periodic surfaces, a periodic
boundary condition was defined. This boundary condition
uses the flow conditions at one of the periodic surfaces as its
cells were the adjacent cells of the other periodic plane.
3.3. General SolutionMethod. To simplify the simulation, the
air is considered as an incompressible gas. This is a reason-
able assumption for the operation conditions of atmospheric
pressure and for a non-temperature-dependent problem.
The water is defined as an incompressible Newtonian fluid.
The simulations were performed with the commercial
software Fluent 6.3.26. The solver used was an unsteady
pressure based solver. The Equations (1)–(4) were calculated
based on a moving reference frame, which is used to facilitate
calculations in rotational systems.
The following simulation settings were chosen according
to the recommendations of Fluent 6.3 Documentation,
User’s guide (2006). Standard wall functions, most widely
used for industrial flows, were applied at the walls. The
spatial discretization schemes used for the velocity and the
turbulent variables were the default (first order upwind).
Pressure was discretized with a pressure staggered option
scheme, recommended for high speed rotating flows, and
the volume fraction, with the Geo-Reconstruct scheme to
obtain a sharp interface between both phases. Pressure and
velocity were coupled with the PISO schema because of the
transient calculation. The Courant number, a dimensionless
number that compares the time step of the calculation to the
characteristic time needed by a fluid element to cross a cell,
was restricted to a maximum value of two, getting a variable
time step between 10−5 and 10−4 s. Simulations performed
with a Courant number value of one showed no variation of
the results, verifying the independence of the time step used.
The simulation ran on a cluster with 12 parallel proces-
sors each 1.5 GHz, for approximately 30 days, until the flow
patterns achieved a quasi-steady state and the mass balance
was fulfilled. Then, changes in the conditions were made and
after some days a new quasi-steady state was reached again.
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Figure 2: Geometries used for the simulation. Left: without radial baﬄes. Right: with radial baﬄes.
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Figure 3: Contours of volume fraction (air) at 2550 rpm and
140 l/min inlet flow.
4. Simulation Results
4.1. Phases Distribution. The simulation results show a
rotating water pool at the bowl wall around an air core with
a relatively sharp gas-liquid interface for both geometries
(see Figure 3). Water is fed axially through the inlet to the
accelerator; there the water changes its direction and gains in
tangential velocity. Then, a jet of water exits the accelerator
and enters the rotating liquid pool. The water exits the
centrifuge through the boreholes at the top of the bowl.
The interface position depends in this case on the
position and size of the outlet boreholes. The radius of the
Table 1: Interface radius between air and water obtained in the
simulations for diﬀerent operation conditions for the geometry
with radial baﬄes.
Operation conditions Interface radius
2550 rpm 50 l/min 0.1672 m
2550 rpm 140 l/min 0.1657 m
2550 rpm 150 l/min 0.1649 m
2000 rpm 140 l/min 0.1643 m
interface can change, depending on the operation conditions,
in a small radial range corresponding to the size of the holes,
between 0.154 m and 0.170 m. As shown in Table 1, the
interface radius decreases with an increase in the flow rate
and a reduction of the rotation speed, this means that there
is more water in the bowl.
4.2. Flow Patterns. The main flow occurs in the direction
of the rotation speed of the bowl; both the liquid pool and
the air core rotate. Nevertheless, secondary flows in axial
and radial direction appear in diﬀerent manners for both
models. As shown in previous investigations [18], for the
model without radial baﬄes a homogeneous axial boundary
layer is formed at the interface between air and liquid with a
recirculation layer beneath. In the model with baﬄes, radial
circulations appear disturbing the axial boundary layer.
4.2.1. Tangential Velocity. The tangential velocity of the
water jet coming from the inlet accelerator is lower than
the tangential velocity of the bowl, as shown in Figure 4
at the surface z = 0.11 m. This causes a slowdown of
the whole rotating liquid pool. The averaged tangential
velocity of the liquid in the geometry without baﬄes lays
approximately 11% underneath the velocity of a solid body
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Figure 4: Contours of tangential velocity (m/s) at 2550 rpm and
140 l/min inlet flow.
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Figure 5: Tangential velocity of water versus radius for diﬀerent
angular positions (0◦, 30◦, 45◦, 60◦) at the height of z = 0.4 m.
Operation conditions: flow rate 150 l/min and angular speed
2550 rpm.
rotation (see Figure 5). The deviation from the rigid solid
motion decreases for lower flow rates, because less liquid has
to be accelerated. The values at the wall have to reach the solid
body rotation because of the no-slip boundary condition.
Therefore, these values are closer to the solid body rotation as
the others. A bend appears at the end of the boundary layer
of the grid.
On the contrary, for the geometry with baﬄes the
expected velocity of a solid body rotation is achieved (see
0.15 0.17 0.19 0.21 0.23 0.25 0.27
40
45
50
55
60
65
70
75
2550 rpm− 140 l/min− z = 0.4 m
Radial position (m)
Ta
n
ge
n
ti
al
ve
lo
ci
ty
(m
/s
)
0◦
20◦
25◦
45◦
65◦
70◦
Solid body rotation
In
te
rf
ac
e
Figure 6: Tangential velocity of water versus radius for diﬀerent
angular positions: behind (25◦, 70◦), between (0◦, 45◦) and in front
of the radial walls (20◦, 65◦) at the height of z = 0.4 m. Operation
conditions: flow rate 140 l/min and angular speed 2550 rpm.
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Figure 7: Axial velocity of water versus radius for diﬀerent angular
positions (0◦, 30◦, 45◦, 60◦) at the height of z = 0.3 m. Operation
conditions: flow rate 150 l/min and angular speed 2550 rpm.
Figure 6). Only a slightly deviation appears at the interface
for the angular positions 0◦ and 45◦, in the middle between
two baﬄes. This slight deviation even disappears for lower
flow rates. Therefore, we can conclude that the slow down
on the rotating pool caused by the under accelerated inlet
flow is now avoided because of the momentum transmitted
by the radial baﬄes. This way the centrifugal force acting on
the particles increases.
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Figure 8: Axial velocity of water versus radius for diﬀerent angular
positions: behind (25◦, 70◦), between (0◦, 45◦) and in front of
the radial walls (20◦, 65◦) at the height of z = 0.3 m. Operation
conditions: flow rate 140 l/min and angular speed 2550 rpm.
4.2.2. Axial Velocity. As expected by the boundary layer
model, a boundary layer of fast moving fluid at the gas-liquid
interface has been observed in the simulations without radial
baﬄes (see Figure 7). Recirculation layers appear alongside
this layer and at the bowl wall, in contrast to the model
that only predicts the recirculation at the bowl wall. The
velocity values oscillate a little with the angle and will not be
exactly zero outside the layers. This boundary layer cannot
be clearly seen until the position z = 0.2 m. Backwards, near
the impinge point; the layer has not been developed yet. For
lower flow rates the thickness of the layer decreases and the
axial velocity diminishes.
The simulation with baﬄes showed that these radial
elements disturb the boundary layer of fast moving fluid
at the gas-liquid interface. Instead, an irregular layer at the
interface is formed predominating at the position in front of
the walls (see Figure 8). Because of the discontinuity of the
boundary layer, the axial velocity values are higher than for
a regular layer. This irregular layer becomes more and more
regular increasing the height of the centrifuge.
4.2.3. Radial Velocity. In the simulations without baﬄes,
significant radial velocity was only observed at the inlet
accelerator and on the jet leaving it. The radial component
of velocity was negligible in the remaining domain.
The other eﬀect produced by the radial baﬄes is a
circulating flow between the walls in the same direction as
the rotation speed of the centrifuge. Figure 9 shows the
radial velocity over the radial position for diﬀerent angular
positions. The radial velocity is positive in front of the radial
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Figure 9: Radial velocity of water versus radius for diﬀerent angular
positions: behind (25◦, 70◦), between (0◦, 45◦) and in front of
the radial walls (20◦, 65◦) at the height of z = 0.2 m. Operation
conditions: flow rate 140 l/min and angular speed 2550 rpm.
walls, where the flow is directed to the bowl wall, and it turns
negative behind the radial walls, flowing back to the core. In
the middle of the walls, there is almost no radial movement
and the radial velocity is approximately zero.
This radial circulation is originated when the water jet
coming from the inlet accelerator impinges in the rotating
liquid pool with a lower tangential velocity. This liquid
impacts against a radial baﬄe and it is redirected to the bowl
wall. For this reason, the intensity of this radial circulation
decreases for lower flow rates, where a smaller amount of
liquid has to be accelerated and hence a smaller velocity slip
regarding the rotating pool is achieved. Figure 10 shows these
lower radial velocities for a flow rate of 50 l/min compared
to the ones obtained at 140 l/min, as shown in Figure 9.
The radial circulations mainly occur in the first half of the
centrifuge near the inlet, where the flow is more irregular,
and decreases with the height (see Figure 10 where two
diﬀerent z locations are compared). For this reason some
authors define an inlet zone with turbulences before the
flow inside the centrifuge acquires an ordered form. The
relationship between length and radius is too small here,
compared with the analysis made by Glinka [4]. Thus, an
ordered flow is not achieved.
This secondary flow induced by the baﬄes hinders the
sedimentation of small particles, which get captured in these
circulations instead of settling on the bowl wall.
4.3. Pressure Distribution. The static pressure grows up with
the square of the radial position. The analytical gradient can
be calculated with (11) using the solid bowl rotation speed
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Figure 10: Radial velocity of water versus radius for diﬀerent
angular positions: behind (70◦), between (45◦) and in front of the
radial walls (65◦), the last one for two diﬀerent locations z = 0.2 m
and z = 0.3 m. Operation conditions: flow rate 50 l/min and angular
speed 2550 rpm.
ω, the density of the water ρ, the interface radius r0 and the
radial position r
Pstatic = ρ	
2
2g
(
r2 − r02
)
. (11)
In the geometry without the baﬄes, the pressure lies under-
neath the analytical values for 2550 rpm (see Figure 11), since
the eﬀective rotation speed of the liquid is lower than the
solid body rotation speed. For the model with the baﬄes,
simulated and analytical pressure are in good agreement.
4.4. Shear Stress. As expected, wall shear stress appears just
in the inlet accelerator where the fluid acquires the rotation
speed. For both models, the values of the wall shear stress
varies in a range between 700–750 Pa approximately. This
parameter should be taken into account when agglomerates
and shear susceptible materials have to be centrifuged. Some
low shear stresses arise in the inlet pipe and at the bottom
part of the bowl wall where the fluid impacts, both with a
value of approximately 50 Pa.
4.5. Particle Tracks. Once the flow simulation has converged,
30000 particles with diﬀerent diameters (from 10 μm to
0.5 μm) and 2650 kg/m3 density were released in the region
where the water jet coming from the accelerator enters
the rotating pool. Their trajectories were traced using (4).
Because of the low concentration of the particles in the feed,
0.4 vol. %, the impact of the particles on the continuum
phase was neglected.
The simulation results show notably diﬀerent traces
depending on the flow existing in the centrifuge. Figure 12
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Figure 11: Static pressure of water versus radius for the geometry
with and without the baﬄes compared to the analytical value for at
the height of z = 0.3 m and an angular position of 45◦. Operation
conditions: flow rate 150 l/min and angular speed 2550 rpm.
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Figure 12: Particle traces relative to the rotation colored by particle
diameter (μm) at 2550 rpm and 150 l/min flow rate for the geometry
without baﬄes.
shows particles rotating around the axis, as the tangential
movement superposes axial and radial movements for the
geometry without the baﬄes. The particles travel along the
axial boundary layer. Then they pass through it and penetrate
the layer with slow negative axial velocity moving backwards.
Finally they accelerate towards the wall, where the calculation
stops. Smaller particles travel longer along the axial layer
than the bigger ones and some of them leave the centrifuge
following the flow.
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Figure 13: Particle traces relative to the rotation colored by particle
diameter (μm) at 2550 rpm and 140 l/min flow rate for the geometry
with baﬄes.
Figure 13 shows the particle traces for the geometry with
radial baﬄes. Here, small particles get captured by the axial
flow in front of the walls and the radial circulation between
them, which hinders its sedimentation. Some of the particles
reach the wall, but the other ones escape through the outlet
following the flow. Particle tracks are strongly influenced
by the secondary flow, especially for particles in the micron
range.
5. Validation
The simulation results have to be compared with exper-
imental results to consider the mathematical formulation
and the methodology as valid. Because the experimental
investigation of the flow inside a rotating device presents
many diﬃculties, the grade eﬃciency was used for the
validation in this case.
The grade eﬃciency characterizes the quality of the solid-
liquid separation as a function of the particle size. For a
certain particle size dp it is defined as the ratio between the
amount of particles of size dp which has settled at the wall
and the amount of particles with the same size which was
present in the inlet flow
Grade eﬃciency
(
dp
)
=
Npwall
(
dp
)
Npinlet
(
dp
) . (12)
After tracking the particles, the grade eﬃciency for each
particle diameter was calculated with (12) and compared
with the grade eﬃciency reached during the experiments
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Figure 14: Grade eﬃciency calculated from the simulated particle
traces for both geometries, with and without baﬄes, and from the
experiments.
performed by the same operation conditions of 2550 rpm
and 150 l/min flow rate (see Figure 14). In the experi-
ments, a suspension of water and quartz powder particles
(logarithmic normal distributed with a mean size value of
2.07 μm and a geometric standard deviation of 2.15 μm)
with a concentration of 0.4 vol. % was fed to the industrial
centrifuge. Samples of the suspension at the inlet and
of the centrate at the outlet were taken and its particle
size distribution was analyzed with a static laser scattering
method to calculate the grade eﬃciency. Because no particle-
particle interactions are considered in the calculation of the
particle traces, it is not necessary to define a size distribution
in the simulation to calculate the grade eﬃciency. The size
and the injection point of a particle and not its mass flow rate
determine whether the particle settles at the bowl wall or not.
However a certain number of particles must be tracked to
consider the scattering because of the turbulence, with values
about 10%.
The grade eﬃciency achieved with the geometry without
radial baﬄes is higher than the experimental values. Thus,
these internals have an important eﬀect on the particle traces
and have to be considered. The baﬄes are helpful for the
acceleration and should improve the separation eﬃciency,
but they originate a secondary flow which hinders the
sedimentation of small particles.
The simulated grade eﬃciency for the real geometry with
radial baﬄes agrees with the experimental values for particles
bigger than 2 μm. Diﬀerences appear for particles smaller
than 2 μm. On the one hand, small particles penetrate into
the air phase because the force at the interface caused by the
surface tension is not considered in (4). On the other hand,
electrostatic forces and particle-particle interaction forces,
which are not taken into account in the current calculation,
play a major role for submicron particles.
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Figure 15: Accretion of simulated particles with sizes 10 and 2 μm
for both geometries, with and without baﬄes, as a function of the
position in the centrifuge in the z direction.
Particle Accretion. Another possibility to validate the simula-
tions is to compare the sediment formed in the experiments
with the location of the settled particles in the simulation.
The volume of already settled particles is not taken into
account in the simulation for the calculation of new particles;
no particle-particle interaction was implemented. However,
the location where the particles impact at the bowl wall can
be a reference to validate the particle tracks, and thus to
validate the calculated flow. The particle accretion equation
implemented in the software Fluent was used to count the
particles settled in each of the faces at the bowl wall
Raccretion =
Nparticles∑
p=1
m˙p
Aface
. (13)
The conditions of the experiments are the same as for
the calculation of the grade eﬃciency. But here, for the
simulation of the particle accretion, although no particle-
particle interaction is considered, the mass flow rate of each
particle size plays an important role. That is the reason
why a particle size distribution similar to the one of the
quartz powder must be defined in the simulation software
to be able to validate the results. Giving a certain mass
flow rate to each particle size, from a total mass flow rate
of 0.0237 kg/s, a logarithmic normal size distribution was
defined with a mean size value of 2.11 μm and a geometric
standard deviation of 2.30 μm.
Figure 15 shows the particle accretion for two diﬀerent
particle sizes in both geometries. In the geometry without
the baﬄes, the big particles settle mainly in the lower part of
the centrifuge (between 0.1 an 0.15 m in the z direction).
Smaller particles extend slightly to higher axial positions. In
the geometry with baﬄes the accumulation of the particles
takes place along the whole axial positions of the bowl
wall.
In the experiments, a homogeneous sedimentation along
the bowl wall was observed, confirming the accretion of
the particles calculated with the geometry with baﬄes.
Samples of the sediment at diﬀerent heights of the centrifuge
were taken and analyzed. The particle, size distribution of
the samples showed just slightly diﬀerences between the
diﬀerent heights. These diﬀerences were due to the diﬃculty
of sampling, made just after the experiment before the
sediment slips down the bowl wall. This fact corroborates the
accumulation of the particles calculated with the geometry
with baﬄes, with just small diﬀerences between the particle
sizes.
6. Conclusions
CFD simulations of the multiphase flow in a solid bowl
centrifuge with radial walls were successfully performed with
the software FLUENT. The main flow of water takes place
in tangential direction. For the geometry without the baﬄes
the values of the velocity lie underneath the velocity of a
solid body rotation. Otherwise, due to the extra acceleration
of the radial baﬄes, the values of tangential velocity in
this geometry reach the solid body rotation. Another eﬀect
of the baﬄes is the distortion of the axial boundary layer
at the gas-liquid interface, that appears now irregularly
and predominating at the angular position in front of the
baﬄes. Furthermore, a circulating flow between the baﬄes
in the same direction as the rotation speed of the centrifuge
appears. The radial baﬄes are helpful for the acceleration and
should improve the separation eﬃciency, but they originate
a secondary flow which hinders the sedimentation of small
particles. This secondary flow decreases with the height of
the centrifuge.
Particles with diameters from 10 μm up to 0.7 μm were
tracked using the discrete phase model. Simulated and
experimental grade eﬃciency agrees with each other for
particles, bigger than 2 μm. For smaller particles there is no
agreement because other forces, neglected in this model, have
to be considered. The accretion of the simulated particles
was calculated and compared with the sediment of the
experiments. The model with the baﬄes predicts a sediment
along the whole bowl wall, in agreement with the sediment
observed in the experiments.
Considering the validation of the simulations made by
comparing the grade eﬃciency and the sediment distribu-
tion, we can conclude that the simulated flow qualitatively
agrees with the real flow occurring inside this industrial
centrifuge. This points out that there is an optimization
potential regarding the number and the form of the radial
baﬄes, which are needed to achieve a high-separation force
but induce secondary flows hindering the settling of small
particles.
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Notations
Aface: Area, m2
CD: drag coeﬃcient, dimensionless
d: diameter, m
F: volumetric force, N m−3
k: turbulent kinetic energy, m2 s−2
N : number of particles
m˙: mass flow, kg s−1
p: pressure, Pa (N m−2)
Raccretion: accretion rate, kg m
−2 s−1
Rep: particle Reynolds number, dimensionless
t: time, s
v: velocity, m s−1.
Greek letters
α: Volume fraction, dimensionless
ε: turbulent kinetic energy dissipation
rate, m2 s−3
ζ : normally distributed random
number, dimensionless
μ: dynamic viscosity, kg m−1 s−1
ρ: density, kg m−3
τ: shear stress tensor, Pa (N m−2)
τe: eddy characteristic lifetime, s
	: angular velocity, s−1.
Index
i, j : Fluid phases
p: particle
q: fluid phase
r: rotational
t: turbulent
x: x direction
y: y direction
z: z direction.
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